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AB STRACT In Volvox carteri f. nagariensis male spher- 
oids secrete into the medium a sexual hormone which 
controls the initiation of the developmental pathway lead- 
ing to the formation of sexual embryos. In the absence of 
the hormone asexual embryos are formed. Analysis of the 
highly purified hormone indicates that it is a glycoprotein 
of 27,500-30,000 daltons, composed of one peptide chain, 
which has a typical composition except for a relatively low 
content of tryptophan. The glycosidic moiety, which ac- 
counts for about 45% of the weight of the molecule, consists 
of pentoses, hexoses, and amino hexoses. In the bioassay 
the highly purified hormone stimulates 100% formation 
of sexual embryos at a concentration of 10~ u g/liter 
and 14.4% sexual embryos at 10~" g/liter (3 X lO"" M). 
The activity is remarkably thermostable and resistant to 



Although Volvox has been known to science since 1700 (1) the 
potential of the many species for studies in development, as 
suggested 65 years ago by Powers (2), has only recently been 
realized through the formulation of methods for cultivating it 
in the laboratory and for evoking at will its asexual and sexual 
phases. Cellular differentiation and development in a multi- 
cellular organism would appear to be in their simplest form in 
Volvox, for here the cells are arranged in a single layer on the 
periphery of a spheroid and consist of only two types, somatic 
and reproductive. The formation of new individuals is through 
a series of successive cleavages of an asexual reproductive cell, 
the gonidium. In certain species the morphological differentia- 
tion of the reproductive cells can be observed as unequal 
cleavages at specific stages of the embryonic development, the 
gonidia, the eggs, and the spermatogenous cells being de- 
limited in the respective asexual, female, and male embryos 
at predictable positions and times. 

The phenomenon of sexual induction in Volvox was first 
described by Darden (3) in a strain of Volvox aureus. In this 
species a substance was secreted by males which, when added 
to a population of asexual individuals, would result in the 
formation in the next generation of sexual embryos rather 
than asexual ones as would have occurred without this addi- 
tive. Similar phenomena of sexual induction have since been 
described in a variety of species and forms of the genus (4, 5). 
In all species studied, the sexual hormone initiates the develop- 
mental pathway leading to the formation of a sexual individual 
rather than an asexual one, but the substance is not sex- 
specific. In species in which distinctive males and females are 
produced in separate clones, the same hormone initiates the 
formation of sexual embryos in both sexes. The hormone is, 
however, species-specific (6); it is usually produced only in 
populations of sexual males, but in one species both male and 



female populations produce active substances which are both 
self- and cross-inductive (7). 

The sexual hormones from the various species which have 
been investigated are all inactivated by Pronase digestion (8), 
and so it has been assumed that they are proteinaceous. Ely 
and Darden (9) have attempted purification of the hormone in 
V. aureus, and though the yield was too small for analysis it 
was postulated that it might be a glycoprotein. 

The present communication summarizes our efforts toward 
purification and characterization of the sexual hormone pro- 
duced in male populations of Volvox carteri f. nagariensis. 
The morphology and embryonic development of this species, 
the methods of cultivation, the bioassay for the detection of 
the hormone, and accounts of genetic loci affecting the potency 
of the male as well as the developmental process of all types of 
embryos have been discussed in earlier papers (5, 6). There- 
fore the following paragraphs on the organism and its cultiva- 
tion include only those details necessary for clarity in this 
communication. 

The organism 

The strains of Volvox carteri i. nagariensis used in this investi- 
gation were HK10 female and 69-lb male. The asexual 
spheroids of both strains are identical in appearance, having 
a maximum of 5000 small biflagellate somatic cells and 16 
large gonidia (asexual reproductive cells). The female 
spheroid resembles an asexual one in its size and number of 
somatic cells, but it is distinctive in having 45 or more small 
dense eggs rather than the 14-16 large gonidia. The male 
spheroid is said to be dwarf because it has a maximum of only 
512 cells, of which there is a 1 : 1 ratio of somatic to sperma- 
togenous cells. 

New individuals are formed by the gonidia of the asexual 
spheroid undergoing a series of cleavages whose patterns to 
form the asexual, the male, and the female embryos are dis- 
tinctive. The pattern of cleavage, i.e., sexual or asexual, de- 
pends on the presence or absence of the sexual hormone pro- 
duced by the males. In the formation of an asexual embryo (in 
both male and female strains), the gonidia are morphologic 
cally differentiated by unequal cleavages of the cells in the 
anterior half of the embryo at the division of the 32-celled 
stage; in the female embryo, the morphological differentiation 
of eggs occurs by unequal cleavages in the anterior two-thirds 
of the embryo at the division of the 64-celled stage; finally, in 
the formation of the male embryo, the spermatogenous cells 
are formed by unequal cleavages of all the cells at the last 
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divisions in the embryo, thus producing the typical 1 : 1 ratio 
of somatic cells to spermatogenous cells. 

Culture methods 

Both male and female strains were grown in Volvox medium, 
a very dilute medium designed by Provasoli and Kntner (10), 
but the medium was adjusted to pH 8 rather than pH 7 as 
formerly used. Sodium acetate was added to the medium to a 
concentration of 0.05% at pH 7.5 when males were grown for 
production of the sexual hormone. Illumination of 12,000 lux 
intensity on a 16-hr light/8-hr dark cycle and a temperature 
of 28-30° during the light period (20° during the dark) resulted 
in a generation time of 48 hr, and thereby a population in- 
crease by a factor of 15, since there are 14-16 asexual reproduc- 
tive cells in each spheroid. Large populations were grown in 
half-filled 500-ml or 2000-ml Erlenmeyer flasks through which 
sterile air was bubbled. 

Sexual spheroids appear spontaneously in the male strain at 
an approximate frequency of 1 in every 20,000 embryos, due 
in part at least to spontaneous gene mutations (11). A spon- 
taneous male in an asexual population of the male strain will 
secrete enough hormone to initiate the production of male 
spheroids in the next generation. In order to grow large pop- 
ulations of the male strain for production of the hormone, it 
was necessary to grow the inoculum first in small volumes (1 
parental spheroid/50 ml of Volvox medium/250 ml pre- 
scription bottle) which after 7 days' growth could be examined 
and those cultures discarded which showed premature male 
production. Usually two bottles (each containing approxi- 
mately 45,000 young asexual spheroids) were added to each 
2000-ml flask containing 1000 ml of Volvox medium with 
0.05% sodium acetate. Thus each flask would have 90,000- 
100,000 small asexual spheroids whose gonidia would form 
male spheroids in the next generation. To insure that these 
spheroids would be males, 1 ml of a sterile solution containing 
the hormone was added to each large flask. Males were formed 
within 2-3 days, and sperm packets could be observed in these 
males 24 hr later. The flasks were kept on the lighted shelves 
with constant aeration until 48 hr after the sperm had been 
released, by which time the sperm had disintegrated. The 
contents of the flasks were put into plastic bags and frozen at 
—20°. Fluids formed under optimum conditions could be ex- 
pected to stimulate 100% formation of sexual embryos in the 
bioassay at dilutions of 10 1 or less, becoming limiting at the 
10 s dilution with 50% or less of the embryos being sexual. 
However, such conditions were not always achieved, inas- 
much as lack of synchrony in the inoculum would result in 
inhibition of later developing males by the dissolution of early 
males which would make the medium less conducive to the 
best growth. 
The bioassay 

The bioassay of the hormone in fluids from sexual populations 
of the male strain uses the HK10 female strain as the detector. 
Serial 1/10 dilutions are made in Volvox medium and then 
inoculated with 75+ young asexual spheroids of the female 
strain. Within 48 hr the asexual reproductive cells of the 
inoculum will have formed 1000+ embryos. In those dilutions 
where the hormone is not in limiting concentration, all, or 
nearly all, of the offspring will be female rather than asexual. 
In only one tube of a dilution series will be found a mixture of 
female and asexual offspring, an indication that in that dilu- 
tion the hormone was in limiting concentration. All dilutions 



greater than this will contain no females among the offspring. 
Thus, one need score only the offspring in a single tube of any 
dilution series. Details of the assay method have been pub- 
lished earner (5). 

Concentration and purification procedures 
The frozen fluid from male cultures was thawed in 2-liter 
batches, filtered through glass wool to remove large debris, 
and centrifuged at 10,000 X g. After adjusting it to pH 5, 
the fluid was passed rapidly (500-600 ml/hr) through a column 
of carboxymethyl cellulose (2.6 X 20 cm; Bio-Rad Labora- 
tories) which had been equilibrated with 0.001 M citrate- 
phosphate buffer (pH 5) . The very dilute nature of the medium 
in which the male Volvox had been grown made it unnecessary 
to dialyze the fluid prior to its passage through the column. 
All (99%) of the activity remained on the column. 

After washing with 0.001 M citrate phosphate buffer, 0.1 
M NaCl in 0.05 M citrate-phosphate buffer (pH 5) was applied 
to the column and the active substance was eluted in 200 ml 
(after discarding a 35-ml void volume). The pH of this eluant 
was adjusted to pH 6.5 with 1 N NaOH and the resultant salt 
buffer was frozen for storage. 

Salt buffer from three 2-liter runs was thawed, combined, 
and then flash-evaporated at 40° to a volume of approximately 
45 ml. This concentration resulted in a heavy white pre- 
cipitate, but the activity remained in the supernatant. The 
concentrate was centrifuged for 10 min in a clinical centrifuge 
at 1500 X g. The supernatant was then put on a column 
(Pharmacia 26/100) of Sephadex G-75 with 0.1 M ammonium 
acetate (pH 7) as the eluant. This preparative column was run 
at 50 ml/hr, and the eluant collected in 10-ml fractions moni- 
tored with an ultraviolet absorptiometer (280 nm). Peaks of 
absorption were seen in fractions 15-20 (molecular weight 
>70,000), 21-30, and 35-46 (low-molecular-weight sub- 
stances), but the bulk of the activity was only in fractions 
21-30, reaching a maximum usually in 25 and 26. The peak of 
activity was slightly before the peak seen when a-chymo- 
trypsin (molecular weight 25,000) was run on the same column 
as a marker protein. Fractions 21-30 of several runs were then 
combined, flash-evaporated to 1/10 volume and rechromato- 
graphed on the Sephadex G-75 column. The active fractions 
were then combined and lyophilized. 

Further purification was achieved by chromatography on a 
Sephadex G-50 column (0.8 X 80 cm) with 0.05 M NIL.HCO, 
(pH 8.5) as equilibration buffer and eluant (2 ml/hr). The 
elution profile, as recorded by ultraviolet absorption (280 nm), 
showed one small and one large band of high-molecular-weight 
and one of low-molecular-weight. The active principle was in 
the second band of high-molecular-weight. The ultraviolet 
absorption coincides exactly with the activity. The active 
fractions were combined and lyophilized. 
Characterization 

Qualitatively, the white fluffy material gives strong protein 
reactions, sugar reaction, and a faint, but definite, phosphate 
reaction. On a weight basis, it contains 62% protein (standard: 
bovine-serum albumin) and 40.5% sugar (standard : mannose). 
The spectrum of the dialyzed factor at pH 8 (0.1 M Tris • HC1) 
shows a minimum at 252 nm (A\* m = 2.4), a maximum at 273 
(A\* m = 3.3), and a shoulder at 283 nm. The spectrum has 
a somewhat asymmetric shape and, for a simple protein, there 
is an unusually high absorption in the 255- to 265-nm range 
(A»,/»o = 1.2). At pH 13 (0.1 M NaOH) the spectral maxi- 
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Table 1. Amino acid analysis of Volvox carteri hormone 
(from 56 pg of substance) 



residue' 


nmol 


is ; 


Asp: 


27.6 


13 


Thr: 


25.5 


12 


Ser: 


34.9 


16 


Glu: 


23.5 


11 


Pro: 


19.5 


9 


Gly: 


30.0 


13 


Ala: 


28.6 


13 


Cys: 






Val: 


20.1 


9 




4.8 


2 


lie: 


15.8 


7 




22.7 


10 


Tyr! 


9.2 


4 


Phe: 


7.8 


4 


Lys: 


11.8 . 


6 


His: 


4.6 


2 


Arg: 


18.9 


8-9 


Trp: 




Iff) 






m: 143-144 



mum shifts to 283 nm (A\ % m = 2.7). However, it was not 
possible to calculate the tryptophan content from the spectral 
changes (12). 

The highly purified factor gives a reaction of 100% in the 
bioassay at a concentration of 10 -10 g/liter and 14.4% reac- 
tion at 10 -11 g/liter. On heating a 2 mg/ml solution of the 
active material in 0.05 M NHJSCOs for 30 min at 60°, it re- 
tains full activity. The spectrum of the heated solution has a 
maximum at 260 nm (A'* m = 2.6) and a shoulder at 275 nm 
(A\* m = 2.2). The sex hormone is heat stable up to 80° (15 
min); at 90° (15 min) 90% of the activity was lost. The bio- 
logical activity is also retained after treating the material with 
6 M guanidine ■ HC1 at room temperature for 24 hr. The 
chaotrope even seems to stabilize the substance against heat 
inactivation. A low-molecular-weight cofactor could not be 
dissociated or split off the molecule. The active principle is 
not dialyzable. It is salted out by 80% ammonium sulfate 
saturation but not adsorbed on charcoal, DEAE cellulose, or 
QAE Sephadex. 10% acetic acid does not precipitate the 
material, but it is coagulated by 10% trichloroacetic acid. 
Since a glycoprotein was indicated by survey analyses, several 
chemical data were collected and the molecular behavior of 
the conjugated protein was studied. 

The active substance chromatographs as a single band 
(R F 0.61) on cellulose thin layers (prewashed with butanol- 
"acetic acid-water, 4:1:5) in 0.05 M NH 4 HC0 3 as solvent. 
The activity coincides with the protein localization. The mo- 
lecular weight, by comparison with standard proteins on 
Sephadex G-25 (13), is 25,500. On electrophoresis on cellulose 
thin -layers at pH 6.5 it migrates as a single zone slightly 
towards the anode. Disc electrophoresis (staining in and de- 
staining with 10% trichloroacetic acid) shows a diffuse weakly 
staining zone close to the origin and another unsharp band 
corresponding to a molecular weight of about 25,000 (14). 
The activity is spread as a zone between the two. Sodium 
dodecyl sulfate gel electrophoresis (15) in a 7.5% gel gave a 
well-defined single band at 28,400 ± 700daltons (standards: 



ribonuclease, trypsin, triosephosphate dehydrogenase, bovine- 
serum albumin). Thus, the protein is a single chain, not com- 
posed of subunits. The relatively high value in comparison 
with the other data on molecular weight is probably due to the 
high carbohydrate content of the glycoprotein (16). This also 
is indicated by a relative shift of the mobility in a 10% gel. 
Sucrose gradient centrifugation (17) gives a molecular weight 
of 26,000, assuming a partial specific volume of 0.700. On 
sedimentation velocity analysis, the highly purified prepara- 
tions (concentration = 0.65 to 2.7 mg/ml in 0.05 M NH 4 - 
HCO s ) form a well-defined symmetrical slow band (s° 0 . = 
1.57 ± 0.07) and another fairly sharp and symmetrical faster 
moving band (4>.„ = 2.7). Both of them contain the activity. 
The diffusion coefficient for the slow band was determined in 
0.05 M NHiHCOj as D^.„ lr . = 4.16 ± 0.02 X 10~ 7 . From 
these hydrodynamic data a molecular weight of 30,600 ± 5% 
is calculated and a dissymmetry constant of f/fo = 1.66 is 
derived, representing a rather elongated, asymmetric mole- 
cule. It readily forms dimers and also apparently polymers at 
higher concentrations. It seems that the active proteide is in 
concentration-dependent, reversible equilibrium with multiple 
aggregates, whereas on column chromatography, when the con- 
centration was about 0.2 mg/ml, only the monomer is eluted. 

The amino-acid analysis shows no unusual amino acids 
(Table 1). Based on histidine as unit, the minimal molecular 
weight is 7750. There are 6 lysine and 8-9 arginine residues; 
tryptic digestion after performic acid oxidation (18) shows a 
minimum of 12 and a maximum of 15 tryptic peptides. There 
are three strongly anionic peptides, derived from cysteine 
stretches. Thus, the molecular weight of the protein moiety is 
around 15,000 (2 X 7750), corresponding to an overall molec- 
ular weight of 28,200 under the assumption of a 55:45 protein 
to sugar ratio. The amount of amino sugars, as revealed in 
the amino-acid analyzer, corresponds to about 5% of the total 
sugars. No N- terminal amino acid could be detected; the 
amino terminal is either closed by a small substituent or by 
the glycosidic moiety. The peptide was iodinated by IC1 (io- 
dine monochloride) in glycine buffer (pH 9.5) (19), almost 
without loss of biological activity. Gas chromatographic sugar 
analysis after methanolysis, acetylation, and trimethylsilyla- 
tion (20) of the material gave (internal standard: pertri- 
methylsilylmannitol) arabinose (6.6%), xylose (25.5%), man- 
nose (15.6%), galactose (4.6%), glucose (32.5%), unknown 
peak (AT-acetylgalactosamine?) (11.3%), and 2V-acetylglu- 
cosamine (3.9%). 

These data taken together demonstrate that the sexual 
hormone produced by the male population of Volvox carteri f . 
nagariensis is a glycoprotein of 27,500-30,000 daltons, com- 
posed of only one polypeptide chain which has a typical com- 
position, except for a very low value for tryptophan and a 
strikingly high carbohydrate content. The main components 
of the nonprotein material are xylose and glucose. The ratio: 
pentoses to hexoses to aminohexoses is 2:3.5:1. The hormone 
tends to aggregate reversibly at higher concentrations in 0.05 
M NH 4 HCO,. 
Discussion 

Numerous instances of apparent chemical control of the sexual 
processes in plants have been reported, but few have been 
analyzed in any detail (21). In some plants the substances 
serve to bring together gametes of the compatible mating types 
or sexes, e.g., AUomyces (22), Ectocarpus (23), and Chlamydo- 
monas (24). In others, the differentiation of the sexual struc- 
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tures which produce the gametes depends on the secretion 
of active compounds by one or both compatible individuals. 
Thus, in Mucor (25) and Achlya (26) the hormones initiate the 
differentiation of special sex organs on siphonaceous plant 
bodies, while in certain ferns (27) the hormones effect a special 
pattern of cell cleavage and differentiation resulting in the 
formation of antheridia, the multicellular male reproductive 
organs. The hormone secreted by the male Volvox is similar in 
effect to that of ferns, but the hormones are unrelated chem- 
ically. In the ferns the antheridiogens are thought to be re- 
lated to the gibberellins, and, indeed, in some species the 
response to both antheridiogens and various gibberellins is the 
same. The antheridiogens from different ferns do not show the 
extreme species-specificity seen in the sexual hormones from 
the various species of Volvox (27, 28). 

The morphogenetic hormone of Volvox carteri f. nagariensis 
is a medium sized glycoprotein of high (45%) carbohydrate con- 
tent whose overall composition bears similarities to certain 
other plant glycoproteins (29) in its lack of neuraminic and 
uronic acids. No fucose and other deoxy sugars were detected; 
however, an unknown sugar (tentatively identified as the 
— gas chromatographically similar — ^-acetylgalactosamine), 
was found present in appreciable quantities. The amount of 
amino sugars, as determined with the amino-acid analyzer, 
accounts only for the amount of- W-acetylglucosamine esti- 
mated independently by gas chromatography. If the un- 
known sugar were JV-acetylgalactosamine, the relative 
amounts of the two amino hexoses would be inversely propor- 
tional to those of the corresponding hexoses. The amino-acid 
analysis showed a relatively low content in sulfur amino acids. 
Whereas the protein moiety consists of but one polypeptide 
chain, it is not clear whether the carbohydrate moiety is also 
a single polymer. Although the binding amino acids are not 
known, the high content of acidic amino acids and of serine is 
conspicuous. There is no terminal amino group. It might be one 
site of carbohydrate binding or blocked by acylation. The ab- 
sorbance of the hormone at 280 nm corresponds well with the 
amount of aromatic amino acids found, assuming at the most 
only one tryptophan, which, however, has so far not been 
detected independently. The absorbance of the material in the 
250- to 270-nm range is higher than would be expected for a 
simple glycoprotein. Changes of the spectrum with pH may 
be explained by the presence of a very tightly bound hetero- 
cyclic (nucleotidic) base. However, it was not possible to 
liberate and identify such a compound. Other striking features 
are the relatively low sedimentation constant and the simi- 
larly low diffusion constant, which compensate to a molecular 
weight comparable to that found by independent means. The 
frictional ratio (f/f 0 ) points to a rather elongate shape such 
as that of other glycoproteins of biological activity. The sites 
of dimerization and further aggregation are probably charged 
parts of the molecule. 

Nothing is known about the biochemistry of the response 
initiated by the sexual hormone in Volvox. It would appear to 
function only as an initiator of the pathway of development 
leading to a sexual embryo, for it is equally effective in both 
the male and the female strains; and it has been clearly 
demonstrated that the particular events of development in 
the embryogeny are under the control of various genetic loci. 
The identification of two genetic loci, one linked to sex, which 
result in the formation of a sexual embryo without the addi- 
tion of the sexual hormone, has been used to postulate a 



scheme of biochemical action in which the hormone serves as a 
co-repressor (11). With the present demonstration of the 
chemical nature of the hormone and the possibility of iodina- 
tion without loss of biological activity, it may how be possible 
to test this hypothesis using labelled hormone, immuno- 
logical procedures, etc. 

In the bioassay of the highly purified hormone a 14.4% re- 
action was obtained at a concentration of 10 -u g/liter or 3 X 
10~" M, assuming a molecular weight of 30,000. Approxi- 
mately 100 gonidia per ml are involved in the_ bioassay, and 
thus it figures that 1800 molecules per gonidium resulted in the 
14.4% reaction. The actual number of molecules necessary to 
effect the reaction in a gonidium is probably much lower. 
Earlier experiments have shown that increasing the inoculum 
per ml 20-fold did not change the level of the reaction; 
larger numbers of gonidia have not been tried inasmuch as 
such numbers result in problems of limiting C0 2 , illumination, 
and media composition. Pall (30) has published data from 
studies of the fraction of sexual induction as a function of in- 
ducer concentration and he concluded that only 2 molecules of 
the hormone are actually required to make the gonidium form 
a sexual embryo rather than an asexual one. 

Volvox offers possibilities for investigations of the control of 
development and differentiation in a multicellular organism 
using biochemical approaches generally more applicable to 
populations of microorganisms. Furthermore, the ease with 
which Volvox can be cultivated and its sexual phases evoked 
allows one to investigate genetic phenomena in this haploid 
autotrophic organism. The development of the many ap- 
proaches to problems of cellular differentiation will, of course, 
depend on investigators with different interests and compe- 
tencies; therefore, the male and female strains of Volvox carteri 
f. nagariensis have been deposited in the Culture Collection of 
Algae at Indiana University, Bloomington, for unrestricted 
distribution (31). 
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Trophic Conversion of an 
Obligate Photoautotrophic 
Organism Through Metabolic 
Engineering 

L A. Zaslavskaia. 1 J. C. Lippmeier, 1 C. Shih, 2 D. Ehrhardt. 2 
A. R. Grossman, 2 K. E. Apt 1 * 

Most microatgae are obligate photoautotrophs and their growth is strictly 
dependent on the generation of photosynthetically derived energy. We show 
that the microalga Phaeodactylum tricornutum can be genetically engineered 
to thrive on exogenous glucose in the absence of light through the introduction 
of a gene encoding a glucose transporter (gtutl or hupl). This demonstrates 
that a fundamental change in the metabolism of an organism can be accom- 
plished through the introduction of a single gene. This also represents progress 
toward the use of fermentation technology for large-scale commercial exploi- 
tation of algae by reducing limitations associated with light-dependent growth. 



Photosynthetic algae are dominant producers 
in aquatic environments, accounting for a 
substantial proportion of worldwide 0 2 pro- 
duction and C0 2 fixation (/, 2). They are also 
a component of feed for aquaculture and 



eluding pigments (e.g., (3-carotene, phycobil- 
iproteins), oils (e.g., docosahexaenoic acid), 
and stable isotope-labeled biochemicals (e.g., 
[ 13 C]glucose); they also have potential in the 
discovery of new pharmaceuticals (3). 

Commercial-scale cultivation of photo- 
synthetic microalgae is typically performed 
in large, open outdoor ponds. This mode of 
growth, although it exploits natural sunlight 
for the production of energy (J, 4), is asso- 
ciated with numerous disadvantages. Con- 
taminants invade pond cultures, and seasonal 



light conditions make it difficult to predict 
both growth rates and final culture densities. 
Self-shading restricts light availability, se- 
verely limiting biomass production, and low 
cell densities prevent efficient harvesting of 
the cells. Together, these factors have re- 
stricted large-scale cultivation of microalgae 
to a small subset of genera that includes 
Spirulina and Dunaliella. 

A strategy that can improve the efficiency 
and reduce the cost of microalgal biomass 
production involves heterotrophic growth of 
algae in conventional microbial fermenters 
(in the absence of light) (3-5). Fermenters 
provide controlled, sterile growth conditions 
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that maximize productivity. Glucose or other 
forms of organic carbon, rather than light, 
supply energy and reducing equivalents. 
However, the use of fermentation technology 
is limited, because most microalgae are obli- 
gate photoautrophs and are unable to grow on 
fixed carbon compounds (6). 

These considerations suggest advantages to 
genetically engineering microalgal metabolism 
for high rates of heterotrophic growth. One 
microalga that can be genetically modified by 
transformation (7-9), but is unable to grow 
heterotrophically (6, 10, 11), is the diatom 
Phaeodactylum tricornutum (UTCC646). We 
attempted a trophic conversion of this alga by 
transforming it with genes encoding glucose 
transporters. The transporter genes used in- 
cluded GlutI from human erythrocytes (12); 
Hupl from the microalga Chlorella kessleri 
(13); and Hxtl, Hxt2, and Hxt4 from Saccha- 
romyces cerevisiae (14). The coding regions 
of these genes were inserted into the P. tri- 
cornutum transformation vector pPha-Tl (8). 
A construct (Glutl-GFP) was also generated 
in which the green fluorescent protein gene, 
GFP, was fused to the 3' end of the Glut! 
gene. Plasmids were introduced into P. tri- 
cornutum by using biolistic procedures, and 
transformants were selected for zeocin resis- 
tance in the light («). The transformants were 
then transferred to solid or liquid medium 
containing 0.1 or 1.0% glucose, placed in 
complete darkness, and monitored for growth 
(15). 

The P. tricornutum cell lines transformed 
with the Glutl gene (19 of 28) exhibited rates 
of glucose transport (16) between 0.2 and 13 
nmol glucose/min for 10 s cells (19 of 28 
primary transformants). Cell lines with up- 
take rates of a 1 .6 nmol glucose/min for 1 0* 
cells (1 1 of 28) grew on glucose in the dark. 



For //i/py-containing transformants, 14 of 25 
exhibited glucose uptake rates between 0.06 
and 1.9 nmol glucose/min for 10" cells. Cell 
lines with uptake rates of a0.29 nmol/min 
for 10 s cells (II of 25) grew in the dark. 
None of the cell lines transformed with the 
control vector or the yeast transporter genes 
exhibited detectable glucose uptake (17). The 
inability of the transformants to express func- 
tional Hxt protein may reflect differences in 
codon usage between yeast and P. tricornu- 
tum (8). 

A detailed characterization was performed 
on a number of the Glutl transformants, in- 
cluding Glutl-17 and GluilGFP-40. Mono- 
specific antibodies against the Glutl polypep- 
tide and GFP were used to demonstrate ac- 
cumulation of Glutl or the Glutl-GFP fusion 
protein in transformed cell lines (18). Mem- 
branes of the Glutl-17 transformant con- 
tained two prominent polypeptides that react- 
ed with Glutl -specific antibodies (Fig. 1); no 
cross-reacting material was present in the 
soluble phase of the cell (7 7). These polypep- 
tides had molecular masses of 44 and 39 kD, 
which is less than the native protein (~55 
kD) synthesized in human erythrocytes (Fig. 
1, compare lanes B and Gl-17), but which is 
close to the size of unglycosylated Glutl (38 
kD) (19). This implies that Glutl synthesized 
in P. tricornutum is glycosylated differently 
from that in human erythrocytes. The Glutl- 
GFP fusion protein present in the GlutlGFP- 
40 transformant had a molecular mass of —75 
kD, which is slightly smaller than the expect- 
ed mass of Glutl-GFP (82 kD), presumably 
resulting from glycosylation differences. 

Both the Glutl-17 and GlutlGFP-40 trans- 
formants showed high rates of glucose uptake 
(16) (Fig. 2). The Glutl-1 7 transformant had a 
K m for glucose of 1.2 mM and a ^ of 7.6 
nmol glucose/min for 10 s cells; GlutlGFP-40 
had a K m of 1.0 mM and a of 13 nmol 
glucose/min for 10 s cells. The K m values for 
glucose in the transformants are similar to those 
(1 to 2 mM) measured for human erythrocytes 
(12). Differences in the V mtx between transfor- 
mants probably reflect different levels of ex- 
pression of the Glutl gene, which could depend 
on the site of integration into the diatom ge- 
nome. In the presence of 5 x lO -4 units of 
cytochalasin B per milliliter, a specific inhibitor 
of Glutl -dependent transport (20), glucose up- 
take was reduced to undetectable levels (17). 
These results demonstrate that Glutl facilitates 
glucose transport into P. tricornutum cells and 
that the affinity of the transporter for glucose is 
essentially the same as in human erythrocytes. 

To determine the subcellular location of 
the Glutl protein in transformed lines, the 
GlutlGFP-40 strain was examined for GFP 
fluorescence by confocal microscopy (21). 
Untransformed cells showed strong chloro- 
phyll fluorescence, but low fluorescence in 
the green channel (Fig. 3, A, B, and C). 
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Transformed cells containing the GFP gene 
exhibited GFP fluorescence consistent with 
localization in the cytoso! and the lumen of 
the cell nucleus (Fig. 3D). A similar distribu- 
tion of soluble GFP in plant cells has been 
observed (22, 23). In contrast, Glutl GFP-40 
showed fluorescence associated with the ex- 
treme periphery of the cells (Fig. 3E). These 
results demonstrate that the Glutl protein 
targets GFP to the cytoplasmic membrane, a 
pattern consistent with exclusive localization 
of the chimeric protein to the membrane frac- 
tion and the function of Glutl in membrane- 



Commercial exploitation of metabolically 
engineered diatoms requires high rates of glu- 
cose-dependent growth and the achievement of 
high cell densities. Growth of the Glut I -17 
transformant was measured in the light and 
dark in liquid medium supplemented with glu- 
cose (15). As shown in Fig. 4, both untrans- 
formed cells and the GlutJ-17 transformant 
grown in the light without glucose reached the 
same cell densities (3 X 10 7 cells/ml). The 
addition of glucose did not change the growth 
characteristics of the untransformed strain. In 
contrast, the transformed strain attained a cell 




Antl-GFP Anti-Glut1 
Fig. 1. Reactivity of antibodies specific for 
Glutl or GFP to membrane proteins extracted 
from untransformed and transformed cell lines. 
The proteins were resolved by SDS-polyacryl- 
amide gel electrophoresis after solubilization of 
total membranes from wild-type (Wt), un- 
transformed cells; G1-4Q, the Gtut]CFP-40 
transformant; B, human erythrocytes; CI- 17, 
the Glutl-17 transformant. The antibodies 
used were specific for GFP (left panel) or Glutl 
(right panel). 



Fig. Z. Uptake of glucose by 10° cells of trans- 
formants ClutlCFP-40 and ClutT-17. com- 
pared with wild-type untransformed cells ( Wt). 
Glucose uptake was assayed as described (76). 
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presence of glucose, but Glut 1-17 grew at 
the same rate arid to the same cell density in the 
presence of glucose in the light or dark. As the 
cultures became more dense, and as light ab- 
sorption was attenuated by self-shading, the rate 
of growth of Glut- 1 7 i n the presence of glucose 
exceeded that of untransformed cells. If hetero- 
trophic growth is conducted in a microbial fer- 
menter with continuous addition of glucose and 
other nutrients, the density attained by Glut-17 
exceeded that of untransformed cells 15 rimes 
(17), reaching densities of 5 X 10 s cells/ml. 

Most diatoms dp not have the capacity to 
grow in the absence of light on exogenous 
glucose (6). This report demonstrates that tro- 
phic conversion of the obligate photoautotro- 
phic diatom, P tricomutum, can be achieved by 
transforming the alga with a single gene encod- 
ing a glucose transporter. Functionality of the 
algal and human glucose transporters in P. tri- 
comutum suggests that the heterologous pro- 
teins are correctly targeted and inserted into 
diatom membranes. The inability of the diatom 
to glycosylate Glutl normally suggests that the 
carbohydrate moiety may not play a critical role 
in targeting Glutl to the cytoplasmic membrane 
or in transport function. Hupl has also been 
expressed in the microalgae Volvox (24) and 
Cylindrotheca (25), but neither were able to 
grow heterotrophically. 



Fig. 3. Localization of 
Glutl in P. tricomutum " 
transformed with the chi- 
meric gene encoding the 
Glutl -GFP fusion protein. 
The top panel shows a 
transmitted light image 
of untransformed P. tri- 
comutum celts (A), fluo- 
rescence from the cells in 
the red channel (B), rep- 
resenting chlorophyll; and 
fluorescence in the green 
channel (C), The lower 
panel shows fluorescence 
in the green channel of 
cells that were trans- 
formed with the GFP gene 
(D). and of cells trans- 
formed with the chimeric 
Gtutl-GFP gene [(E), 
strain designated Glutl - 
40]. Scale bars, 10 p.m. 



Trophic conversion by introduction of a glu- 
cose transporter requires that the complete gly- 
colytic pathway is present within the cells and 
that it can support a high flux of metabolites. 
Photosynthetic organisms transfer fixed carbon 
out of plastids into the cytoplasm where it can 
be metabolized into hexose sugars; these sugars 
can then be used to support growth or stored as 
polysaccharides. Diatoms synthesize chryso- 
laminarin, a Gi- j,3-glucan polymer, as the pri- 
mary carbohydrate storage compound (26). 
The catabolism of this glucose polymer would 
require glycolysis. Hexokinase activity, re- 
quired for conversion of glucose to glucose-6- 
phosphate, the first metabolite of the glycolytic 
pathway, has also been reported in diatoms 
(11). Thus all of the necessary activities for 
glucose metabolism already exist in diatom 
cells. As a result, exogenous glucose entering 
the cell can be metabolized at a high flux, 
allowing the cells to thrive in the absence of 
light. 

The trophic conversion of microalgae such 
as diatoms is a critical first step in engineering 
algae for successful large-scale cultivation us- 
ing microbial fermentation technology. In addi- 
tion to providing a means for maintaining cul- 
ture conditions, glucose and other nutrients can 
be continuously provided to maximize produc- 
tivity. The use of fermentation technology elim- 




Fig. 4. Growth of untrans- 
formed cells and Glut! -17 
under different conditions. 
The left panel shows the 
growth of untransformed, 
wild-type cells (Wt), and the S 
right panel shows the growth *" 
of Ctut1-17. Growth was in 
the light (filled circles), in the 
light plus glucose (open cir- = 2 
cles), or in the dark plus giu- o 
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in by microbes, which is an 
for maintaining food indus- 
S. Fermentative growth of naturally 
heterotrophic microalgae has resulted in dry 
biomass accumulation to 100 g/liter (3, 27), 
which is 10 to 50 times the yields obtained by 
using light-dependent culture systems. Fermen- 
tation-based systems can reduce production 
costs of microalgae by an order of magnitude 
relative to that incurred by photosynthesis- 
based production; cost reduction analyses factor 
in expenses for both fixed-carbon supplemen- 
tation and equipment operation (28). Commer- 
cial benefits of fermentation-based systems re- 
sult from increased biomass, productivity, har- 
vesting efficiency, and reduced losses from 
contamination. The ability to grow microalgae 
heterotrophically increases the feasibility for 
developing a large range of new alga] products. 

Marine ecosystems also depend on dia- 
toms, which contribute substantially to the 
reduction of inorganic carbon in marine hab- 
itats. Such a contribution may increase sub- 
stantially as the ecology of oceanic environ- 
ments is altered (29-32). The exploitation of 
diatoms that can be genetically manipulated 
and that can grow heterotrophically will fa- 
cilitate the use of mutants to augment our 
understanding of both photosynthesis and 
other metabolic pathways that are essential 
for competing in marine ecosystems. 
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Telomere Position Effect in 
Human Cells 

Joseph A. Baur, Ying Zou. Jerry W. Shay.» Woodring E. Wright* 

In yeast, telomere position effect (TPE) result? in the reversible silencing of 
genes near telomeres. Here we demonstrate the presence of TPE in human cells. 
HeLa clones containing a luciferase reporter adjacent to a newly formed telo- 
mere express 10 times less luciferase than do control clones generated by 
random integration. Luciferase expression is restored by trichostatln A, a his- 
tone deacetylase inhibitor, Overexpression of a human telomerase reverse 
transcriptase complementary DNA results in telomere elongation and an ad- 
ditional 2- to 10-fold decrease in expression in telomeric clones but not control 
clones. The dependence of TPE on telomere length provides a mechanism for 
the modification of gene expression throughout the replicative life span of 




Most normal human cells lack the enzyme tel- 
omerasei which maintains telomeres, and as a 
consequence, telomeres shorten with each divi- 
sion until the cells reach replicative senescence 
(the Hayflick limit). This growth arrest is me- 
diated by p53 and has been suggested to be the 
result of a DNA damage response to telomeres 
that have become top short (/-i). No mecha- 
nism has been demonstrated in vertebrates that 
can account for differences between young and 
old (but not yet senescent) cells. In Saccharo- 
myces cerevisiae, telomere position effect 
(TPE) can result in the reversible silencing of a 
gene near a telomere by a mechanism that 
depends both on telomere length and on the 
distance to the gene (4-6). Because telomeres 
in most human cells shorten with age, TPE 
would provide a mechanism t ' 
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alter phenotype with increasing cellular age (7). 
However, previous efforts to identify TPE in 
mammalian cells have not been successful (8- 
10). We demonstrate here the presence of TPE 
in human cells and that the strength of the 
silencing effect is dependent on telomere 

We seeded de novo telomere formation in 
(telomerase-positive) HeLa cells by introduc- 
ing a linear plasmid containing a luciferase 
reporter adjacent to 1 .6 kb of telomere repeats 
(Web fig. 1) (//). Integration of a repeat- 
containing plasmid can result in breakage of 
the chromosome, followed by extension of 
the plasmid telomeric sequences by telomer- 
ase and loss of the distal chromosome frag- 
ment (12). Clones with a telomeric reporter 
were identified by Southern blotting of puri- 
fied telomeres (Fig, 1A and Web fig. 2) (11) 
and confirmed by in situ hybridization (Fig. 
IB). The mean length of the healed telomeres 
(after subtracting 3 kb of attached plasmid 
sequence) was estimated from Southern blots 
to be between 1.5 and 2 kb. Control clones 
were generated by transfection of an other- 
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THE SWEETNESS OF DIATOM MOLECULAR ENGINEERING 



Diatoms are a large group of unicellular microal- 
gae that are ubiquitous in marine and freshwater hab- 
itats. Almost all diatom species are photoautotrophic 
organisms. Because seasonal phytoplankton blooms 
are normally dominated by diatoms, they contribute a 
large proportion of the primary biological production 
in the oceans (Smetacek 1998) . Al though the "normal 
life" of a diatom is autotrophic (i.e. independent of 
exogenous organic molecules), there are quite a num- 
ber of diatom species known to be capable of active 
uptake of small organic molecules such as acids, amino 
acids, and monosaccharides. Some diatom species are 
even able to live as facultative heterotrophs in the ab- 
sence of light, albeit with significantly reduced growth 
rates. Others, although they metabolize the organic 
molecules taken up, are unable to grow in the dark 
(Hellebustand Lewin 1977). These observations sug- 
gest that diatom metabolism is optimized for photo- 
autotrophic growth. It, therefore, comes as a rather 
unexpected and very interesting result that Zaslavs- 
kaia and Colleagues (2001) were able to generate by 
genetic engineering a facultatively heterotrophic dia- 
tom that grows in the dark. What's more, the engi- 
neered diatoms grow at normal rates and to higher 
cell densities than those obtained by mere photoau- 
totrophic growth. Remarkably, creation of this "supe- 
rior diatpm" was achieved by introducing into Phaeo- 
dactylum tricomulum only a single gene (glut-1) that 
encodes the glucose transporter protein (glut-1) from 
human erythrocytes. How can this small change in the 
genome have such a dramatic effect on the diatom's 
physiology? 

Phaeodactylum tricornutum wild-type cells cannot uti- 
lize exogenic glucose because they lack a glucose 
transporter system in the plasma membrane. In con- 
trast, glut-1 transformants that express and correctly 
target the glut-1 protein to the plasma membrane can 
take up glucose and then pass it on to glycolystic and 
other metabolic pathways. However, being able to 
take up exogenic glucose is not sufficient for het- 
erotrophic growth of P. tricornutum. Zaslavskaia et al. 
(2001) have shown that, of the many different trans- 
formed cell lines expressing the heterologous glucose 
transporter, only about 60% can live heterotrophi- 
cally. Transformants must exceed a minimum rate of 



glucose uptake to supply the cells with a sufficient 
amount of reduced carbon molecules to allow prolif- 
eration in the dark. Because the glucose uptake rate is 
probably directly correlated with the concentration of 
active glucose transporter molecules in the plasma 
membrane, this result suggests that trophic conver- 
sion of P. tricornutum is critically dependent on the ef- 
ficiency of the expression system Used in the transfor- 
mation. This probably explains why an earlier attempt 
to convert the autotrophic diatom Cytindrotheca Jusifor- 
mis into a facultative heterotroph failed. The maximum 
glucose uptake rates of C. fusiformis transformants (wild- 
type cells lack a glucose uptake system) expressing the 
glucose transporter H Vhexose cotransporter (HUP-1) 
from the green alga ChloreUa kessleri vrere significantly 
lower (Fischer et al. 1999) than the minimum rate re- 
quired for heterotrophic growth of P. tricornutum trans- 
formed with HUP-1 (Zaslavskaia et al. 2001) . 

The successful transformation experiments by Za- 
slavskaia et al. (2001) in P. tricornutum do not come 
"out of the blue." Many tools (selection marker genes, 
reporter genes) for molecular engineering of this dia- 
tom were already available (Apt et al. 1996, Falciatore 
et al. 1999, Zaslavskaia et al. 2000). One seminal dis- 
covery was that a modified variant of green fluores- 
cent protein (termed eGFP) from Aequorea victoria can 
be functionally expressed in P. tricornutum (wild-type 
gfp and other mutated variants were unsuccessful!). 
GFP tags have been used extensively in other organ- 
isms to follow localization, transport, and turnover of 
proteins in vivo (Sullivan and Kay 1999). Zaslavskaia 
et al. (2001) have now, for the first time, successfully 
employed GFP-tagging in a diatom. They transformed 
P. tricornutum with a gene encoding a glutl-eGFP fu- 
sion protein. When viewed with the fluorescence mi- 
croscope* transformants displayed bright fluorescence 
at the periphery of interphase cells and in the cleav- 
age plane of dividing cells. These features are consis- 
tent with membrane localization of the glutl-eGFP fu- 
sion protein, which concomitantly was demonstrated 
by biochemical experiments. 

Establishing GFP-tagging technology in diatoms pro- 
vides a new tool for analyzing cellular biological pro- 
cesses in this group of organisms. One example is the 
morphogenesis of the ornamented, silicified diatom 
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cell wall that is formed within a specialized intracellu- 
lar compartment, termed the silica deposition vesicle 
(SDV). Based on ultrastructural studies, both actin-fila- 
ments and microtubules are believed to be involved in 
positioning and shaping of the SDV thereby influenc- 
ing the structure of the forming silica (Pickett-Heaps 
et al. 1990, Pickett-Heaps 1998), Transforming dia- 
toms with genes encoding GFP-tagged cytoskeletal 
molecules should allow the dynamics of the diatom 
cytoskeleton to be monitored by fluorescent micros- 
copy in vivo during cell wall formation. Such studies 
could identify if morphogenesis of certain silica ele- 
ments does indeed coincide with the formation of 
characteristic cytoskeletal structures. 

The GFP-tagging technique also may be helpful in 
determining the mechanism that enables chloroplast 
proteins to enter the complex plastids of diatoms. 
These organelles are surrounded by a total of four 
membranes (as compared to only two membranes in 
higher plants and green and red algae), which re- 
quires that diatom chloroplast proteins contain com- 
plex targeting information to reach their destination 
(Apt et al. 1994). Data from in vitro studies provide 
circumstantial evidence that two targeting signals are 
present within the N-terminal (sequence part) of dia- 
tom chloroplast proteins (Bhaya and Grossman 1991, 
Lang et al. 1998) . It should now be possible to test this 
hypothesis in vivo by expressing different versions of 
N-terminally truncated GFP-tagged chloroplast pro- 
teins. Depending on the portion of targeting informa- 
tion that is missing, a truncated fusion protein should 
then become missorted or "stuck" at a defined stage 
along the import pathway. Its position would be 
readily detectable by fluorescence microscopy of live 
cells. This experimental strategy was employed to ana- 
lyze protein trafficking to the apicoplast (a remnant 
chloroplast) in the malarial parasite Plasmodium falci- 
parum (Waller et al. 2000) . 

Apart from the implications for studies of cell biol- 
ogy with diatoms, the results presented by Zaslavskaia 
et al. (2001 ) mark an important step toward establish- 
ing diatoms as useful organisms for industrial fermen- 
tation technology. Large-scale cultivation of obligate 
photoautotrophic organisms is normally inefficient 
because light becomes limiting for cell growth even at 
moderate cell densities. The study of Zaslavskaia et al. 
(2001) indicates that this problem may be easily 
solved for diatoms by genetic engineering, which in 
the future will allow their full potential for biotechno- 



logical applications (Apt and Beherns 1999) to be har- 
nessed. 
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